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ABSTRACT 
Nanoparticles-based fluorescent sensors have come up as a very competitive alternative to small 
molecule sensors due to their exquisite fluorescence-based sensing capabilities. The tailorability 
in design, architecture and photophysical properties has attracted the attention of many research 
groups which has resulted in many reports related to novel nanosensors applied for sensing a 
vast variety of biological analytes. Although semiconducting quantum dots have been symbolized 
as a strong representative of fluorescence nanoparticles for a long time, an increasing number of 
reports on new classes of organic nanoparticles-based sensors, such as carbon dots and 
polymeric nanoparticles, have shown their increasing popularity due to their biocompatibility, 
ease of synthesis and biofunctionalization capabilities. For instance, fluorescent gold and silver 
nanoclusters have come up as a less cytotoxic replacement of semiconducting quantum dots 
sensors. This chapter provides an overview of recent developments in nanoparticles-based 
sensors for chemical and biological sensing and includes a discussion on unique properties of 
nanoparticles of different composition along with their basic mechanism of fluorescence, route 
of synthesis, as well as their advantages and limitations. 
 
1. INTRODUCTION 
The phenomenon of fluorescence can be described in a simple way as the process of 
emission of light when a molecule absorbs light of a certain frequency. In most cases, the emitted 
light has a longer wavelength than the absorbed light. John Herschel reported fluorescence from 
quinine water for the first time in 1845.1 As fluorescence emission is highly sensitive towards the 
immediate microenvironment of a fluorophore, it has been exploited in the development of 
several sensing applications. Any parameter which could interact with the fluorophore at the 
molecular level would affect its fluorescence.2 Some critical chemical and physical parameters 
effecting fluorescence are shown in Figure 1. Several molecular probes (natural and chemically 
synthesized) have been reported to exhibit more sensitivity towards a few selected parameters. 
For example, an ideal fluorophore for pH sensing should exhibit its highest sensitivity towards pH 
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changes and should be less responsive towards other microenvironment parameters. The 
growing number of publications in the field of fluorescence (Figure 2) emphasizes the importance 
of fluorescence in different fields of research. This chapter will mainly focus on fluorescent 
nanoparticles (NPs) (also denoted as nanosensors) for bio-diagnostic applications. Based on their 
composition, nanosensors could be categorized broadly into inorganic and organic nanosensors 
(Figure 3). A long list of fluorescent NPs exists in literature, but for simplicity we have included 
only a few selected categories  
 
 
Figure 1. Different physical and chemical parameters that can influence fluorescence emission. 
3–11 
in this chapter. For a more elaborate understanding of fluorescent NPs used in sensing, the 
readers can follow several exhaustive reviews dedicated to different classes of sensors.12–15 
A key aspect of fluorescence-based sensing is the size of the sensing system. It could be 
either a small molecule, nanoparticle, microparticle, film or fiber. To get an idea about the 
dimensions of the nanoprobes, different length scales with representative examples are shown 
in Figure 4. The size of the fluorescent nanosensors also becomes an important factor when 
sensing has to be done in a biological environment. A small molecule typically falls in the 
angstrom size range and are free to diffuse, whereas NPs are bigger objects (1-100 nm) and 
diffuse slowly. For example, enhanced permeability and retention effect (EPR) involves the 
selective accumulation of high molecular weight materials (e.g., NPs, micelles, liposomes) in the 
tumor that can help in tumor bioimaging and targeting.16,17 NPs-based fluorescent sensors offer 
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plethora of advantages compared to small molecule-based sensors. Their advantages include 
easy biofunctionalization, tunable fluorescence properties, multianalyte sensing capability and 
their ability of ultrasensitive detection at even nanomolar and picomolar particle concentration 
which is not possible using small molecules.18,19  
The origin of fluorescence in a sensor could vary depending on their size range. For 
example, fluorescence from a NP could originate by virtue of its intrinsic fluorescence because of 
quantum confinement, as observed in semiconducting quantum dots,20 or due to linking of small 
fluorescent molecules/dyes to it.21 In another class of NPs which are organic (carbon-based NPs), 
the origin of fluorescence is still debatable and could be due to quantum confinement22,23 or 
emissive domains24 or both.25 In the case of micron-sized particles, fluorescence arises as a result 
of other fluorescent molecules or NPs that are linked to the microparticles. 26–31  
 
 
Figure 2. Year-wise fluorescence related publications between 1955 and 2018 (data collected 
from Web of Knowledge). 
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Figure 3. Sub-classification of particle-based sensors based on the composition and origin of 
fluorescence. 
 
 
 
 
 
Figure 4. Relative size range of NPs compared with objects of different dimensions. 
 
In the past, the application of fluorescence-based sensing and detection has been realized 
by using a variety of approaches which are based not only on the change in emission intensity as 
a read-out. Notably, a simple fluorescence emission intensity can be linked to plenty of other 
processes that can affect it. For example, a parameter of interest could be sensed by either 
observing the change in fluorescence emission due to quenching or due to a change in 
fluorescence lifetime. In some cases, change in the diffusion coefficient of a dye can also be used 
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for sensing. Whatever the method is, the raw observation is a change in fluorescence emission 
properties and all the sensing techniques exploit one or the other ways to detect this change. A 
very common example of fluorescence-based sensing could be the use of fluorescein for sensing 
pH in a solution. The reason for fluorescein’s variable emission intensity with change in pH is the 
presence of ionizable functional groups in its structure, due to which it exists in an ionic 
equilibrium consisting of different forms like dianion, monoanion, neutral, cation and lactone. 
These different forms have different fluorescence emission properties and thus variation in ionic 
equilibrium due to change in pH can sharply change the overall fluorescence of the solution.32 
Förster resonance energy transfer or fluorescence resonance energy transfer (FRET) based 
sensing is another approach that can be exploited for sensing applications. It involves energy 
transfer from an excited donor to an acceptor that can result in quenching of donor, which causes 
a decrease in its fluorescence emission intensity.33–35 The acceptor, on the other hand, can use 
the energy collected from the donor to exhibit enhanced emission intensity or can remain 
nonfluorescent by releasing the energy by non-radiative relaxation.36 This phenomena of FRET is 
extremely sensitive towards the distance between the donor and acceptor chromophores, thus 
it can be used in studies involving molecular interaction in chemistry37 and biology.38 For its use 
in assessing the distance between biomolecules, it is often called as a spectroscopic ruler.39  
 
Table 1 describes examples of different categories of NPs-based fluorescent sensors with 
information about their size, fluorescence excitation/emission and the analyte they can sense. 
They are discussed in more detail along with their mode of sensing in the later part of this 
chapter. 
 
 
 
 
 
Table 1. Examples of fluorescent NPs for sensing bioanalytes. 
 
S.No. Semiconducting Quantum Dots Size 
Fluorescence Excitation & Emission 
Maxima 
Sensing 
Analyte 
1 CdSe@SiO2@CdTe 44.5 ± 5.0 nm Ex: 380 nm; Em: 522 nm, 616 nm Ascorbic acid40 
2 
L-cys ZnS:Mn QDs 
(L-cysteine capped Mn-doped ZnS QDs) 
~2.8 nm Ex: 302 nm; Em: 598 nm Dopamine41 
3 
BSA–AgNCs 
(Bovine serum albumin‐confined Ag 
NCs) 
2 nm Ex: 465 nm; Em: 598 nm Biothiols42 
4 
−OPhS‐QDs (sodium 4‐
mercaptophenolate functionalized 
CdSe/ZnS QDs) 
4.1 ± 0.4 nm Ex: 450 nm; Em: 582 pH43 
5 CdSe/ZnS core-shell QDs 2-4.5 nm Ex: 485; Em: 525 nm Glucose44 
 Gold and Silver Nanocluster Sensors Size 
Fluorescence Excitation & Emission 
Maxima 
Sensing 
Analyte 
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1 AuNCsand Au@AgNCs  
AuNCs (1.8 
nm), 
Au@AgNCs 
(2.4 nm) 
AuNCs (Ex: 365nm; 
Em: 670nm), (Au@AgNCs 
Ex: 365 nm; 
Em: 565 nm) 
Cu(II)45 
2 AuNCs <1nm 
Ex: 475 nm; 
Em: 640 nm 
Cyanide in 
water46 
3 Fib-Au NCs (fibril stabilized gold NCs) 1.6 ±0.4 nm 
Ex: 520 nm; 
Em: 675 nm 
Cysteine47 
4 
(Lysozyme Type VI)-Stabilized Au 8 
clusters 
13±1 nm 
Ex: 380 nm; 
Em: 455 nm 
Glutathione48 
5 HRP-AuNCs 2.7±0.6 nm 
Ex: 365 nm; 
 Em: 450nm, 650 nm 
Hydrogen 
peroxide49 
6 PMAA-AgNCs < 1 nm 
Ex: 510 nm; 
Em: 615 nm 
Cu(II)50 
7 
Nuceic acid stabilized AgNCs (two types 
of AgNCs) 
5-6 nm 
Ex:480 nm; Em: 560 nm, 
Ex: 520 nm, 
Em: 615 nm 
Genes (Werner 
syndrome, 
HIV)51 
 Silicon based Nanosensors Size 
Fluorescence Excitation & Emission 
Maxima 
Sensing 
Analyte 
1 probe–MSN–PEG 120 nm 
Ex: 370 nm; 
Em: 418 nm 
Homocysteine5
2 
2 
Ratiometric fluorescent probe-doped 
silica NPs (PL1-SiO2) 
53-60 nm 
Ex: 360 nm; Em: 470 nm Ex: 420 
nm; Em: 540 nm 
Hydrogen 
peroxide53 
3 Dual-modified SiNPs (DMSiNPs) ∼8.8 nm 
Ex: 405 nm; Em:465 nm 
Ex:543 nm; Em:575 nm 
pH54 
 Carbon Nanosensors Size 
Fluorescence Excitation & Emission 
Maxima 
Sensing 
Analyte 
1 
CDs (derived from citric acid and basic 
fuchsin) 
5-12 nm Ex: 380 nm; Em: 475 nm, 545 nm pH55 
2 GQDs 
Diameter 2.8 
nm, height 0.5-
1 nm 
Ex: 460 nm; Em: 527 nm Urea56 
3 N-doped CDs ∼5−7 nm 
Ex: 405 nm; 
Em: 450−550 nm 
ALP 
Activity57 
4 Boronic acid modified CDs 
2.5 nm to 6.5 
nm 
Ex: 320 nm; Em: 408 nm 
Glucose 
sensing58 
5 Nnaphthalimide-azide linked CDs ~5 nm 
Ex: 340 nm; 
Em: 425 nm, 526 nm 
Hydrogen 
sulfide59 
6 N-doped CDs 5.18±1.3 nm 
Ex: 365 nm; Em: 450 nm 
Ex: 500 nm; Em 550 nm 
Intracellular 
pH60 
 Polymeric Nanosensors Size 
Fluorescence Excitation & Emission 
Maxima 
Sensing 
Analyte 
1 
Cyclen-functionalized fluorescent 
polymeric NPs 
33 nm to 40 
nm 
Ex: 490nm; Em: 540 nm 
Copper ion and 
sulfide anion61 
2 
Pluronic based organic nanoparticle-NIR 
luminogen 
109 nm Ex: 550 nm; Em: 654 nm Cysteine62 
3 
DNA-Functionalized dye-loaded 
polymeric NPs 
~40 nm 
Ex: 530 nm; Em: 580, 
665 nm 
Nucleic acids63 
4 Poly (DOPA) fluorescent pH-sensor ~27 nm 
Ex: 310 nm; Em: 410, 
500 nm 
pH64 
 
2. INORGANIC NANOSENSORS 
2.1 Semiconducting quantum dots 
Quantum dots (QDs) are semiconducting tiny crystals with a diameter ranging from 2-10 nm. 
They are highly fluorescent and have been employed for various bioimaging and sensing 
applications.65–67 QDs are advantageous due to their exquisite fluorescence properties which are 
due to quantum confinement effect.68 They can be excited using a broad range of wavelengths 
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which provides flexibility in terms of instrumentation and light source.20,65 On the other hand, 
their emission is very defined within a very specific and narrow bandwidth which makes them 
very useful for multiplexed sensing with minimal overlap in emission signals. Another 
distinguishing feature of QDs is their exceptionally high quantum yields (QY) due to which they 
can be used in very small number to generate a detectable fluorescence signal. In general, 
semiconducting QDs are synthesized by the solvothermal approach, where precursors are 
crystallized in coordinating solvents at high temperature. The size of the QDs is controlled by 
adjusting the number of precursors and crystal growth time. The fluorescence properties of 
semiconducting QDs is highly dependent on their surface, thus epitaxially passivating the surface 
of QDs with higher bandwidth species like zinc sulphide (ZnS) has been observed to enhance the 
QY from 10% to 80%.69,70 The passivating layer also protects the QDs from degradation which can 
release toxic metal ions into the surrounding media.71 
Semiconducting QDs have been utilized profoundly for the development of fluorescence-
based sensing and bioimaging platforms. Since the first application of cadmium selenide (CdSe) 
QDs for F-actin labeling in 1998,20 plenty of other applications have been explored overtime for 
labeling and/or sensing biomolecules both in vitro and in vivo. The synthesis of inorganic QDs in 
organic solvents involves the use of hydrophobic stabilizing molecules, which coats their surface. 
Thus, biological application of these QDs requires them to be hydrophilic. As a solution, Pellegrino 
et al. developed a simple and general strategy for decorating hydrophobic nanocrystals of various 
materials (CoPt3, Au, CdSe/ZnS, and Fe2O3) with a hydrophilic polymer shell by exploiting the 
nonspecific hydrophobic interactions between the alkyl chains of poly(maleic anhydride alt-1-
tetradecene) and the nanocrystal surfactant molecules.72 As another example of enhancing the 
hydrophilicity, Argüelles et al. reported polymer-coated QDs with integrated acceptor dyes that 
can act as FRET based nanoprobe.73 Their study showed the importance of polymer coating not 
only for colloidal stability but to enhance the sensitivity of the probe. In their work, they stressed 
upon the efficient working of QD based FRET probes by changing the general arrangement of a 
QD based FRET sensor, which in general consist of a QD donor with acceptor molecules linked to 
it via a receptor ligand interaction. The sensitivity in this kind of FRET probes is conferred by 
changing the distance between the donor and the acceptor in presence of a certain analyte that 
in turn changes the FRET efficiency. In this work, they introduced a FRET geometry in which the 
acceptor (ATTO590 dye) is directly incorporated into the encapsulation shell used to provide 
colloidal stability to the donor (Qdot 545 ITK). This caused a very stable linkage between the 
donor and the acceptor. Their approach had many advantages like efficient acceptor binding, the 
binding possibility for both hydrophilic as well as hydrophobic acceptor molecules and excellent 
colloidal stability without compromising the FRET efficiency. 
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Glucose sensing has always been essential for the diagnosis of various metabolic disorders. 
Although there are reports on spectrophotometric74 and fluorometric based glucose sensing 
methods,75,76  
Duong et al. for the first time created a QD based glucose sensor. They took advantage of the 
enzymes, glucose oxidase and horseradish peroxidase and created an enzyme conjugated QD 
which was used as a FRET-based glucose sensor.44 The transfer of non-radiative energy from the 
QDs to the enzymes resulted in the fluorescence quenching of the QDs, corresponding to an 
increase in the concentration of glucose. The linear detection ranges of glucose concentrations 
were 0–5.0 g L-1. The probe required 30 minutes to reach stability which was slower compared 
to membrane based glucose sensors developed by other authors in their previous studies with a 
response time of 0.15–0.5 min.77 
Recently Xu et al. reported pH sensitive sodium 4‐mercaptophenolate capped CdSe/ZnS QDs 
(denoted as −OPhS‐QDs).43 −OPhS‐QDs exhibit strong fluorescence in near neutral medium, 
whereas −OPhS‐ moieties on QDs surface easily binds to proton under acidic conditions to yield 
4‐mercaptophenol capped QDs (i.e. HOPhS‐QDs), which acts as an efficient hole trapper. As a 
result, the photoluminescence (PL) of QDs is switched off. The pH probe exhibits a good linear 
relationship between fluorescence response and pH values in the pH range of 3.0–5.2. This 
sensing platform has potential of sensing in highly acidic conditions that exist in tumors due to 
the Warburg effect.78 
In another work, ascorbic acid (AA) sensing using a dually emitting CdSe@SiO2@CdTe QD 
hybrid was reported by Wang and colleagues. The nanohybrid consists of red-emitting CdTe QDs 
covalently linked to the surface of silica NPs containing green-emitting CdSe QDs. Two types of 
QDs were used, where the green-emitting CdSe QDs were used as a reference and red CdTe QDs 
as AA sensors. The fluorescence of red QDs is first quenched using KMnO4, which causes oxidation 
and formation of CdTeO3 and TeO2. On addition of AA, the red fluorescence is restored due to 
the conversion of CdTeO3 and TeO2 back to CdTe (Figure 5 a-c).40  Previous reports of AA sensing 
relied on single irradiation mode in which variation in signal due to the fluctuation of incident 
light, probe concentration, as well as environmental effects were a common problem.79,80 The 
current method due to the ratiometric mode is unaffected by these limitations. 
Diestra and colleagues in 2017 reported L-cysteine capped ZnS:Mn QDs for detection of DA 
at room temperature. The QDs display a prominent orange emission band peaking at ~598 nm, 
which is strongly quenched upon addition of DA in alkaline medium. These results are explained 
in terms of a pH-dependent electron transfer process, in which the oxidized DA quinone functions 
as an efficient electron acceptor (Figure 5 d,e). The sensor exhibits a linear working range of ~0.15 
to ~3.00 μM and a detection limit of ~7.80 nM.41 This method can be used for sensing DA in urine 
and other body fluids that mainly consist of amino acids, glucose, and ions. Compared to previous 
reports for detecting DA by colorimetry,81 chemiluminescence,82 gas83 and liquid 
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chromatography,84 and electrochemical85 based approaches, the current work offers short 
operation time, less overlapping signals, easy method of extraction, and low interference from 
other biological molecules. 
In addition to various sensing applications of metal based QDs for bioanalytes in solution, 
several reports on their in vitro86,87 and in vivo88 applications have been published. For example, 
Medintz et al. reported the use of QD/DA bioconjugates for intracellular pH sensing in COS-1 
cells.89 The sensor consisted of CdSe/ZnS QDs (em: 550 nm) coated with PEG-modified 
dihydrolipoic acid (DHLA) ligands to make it hydrophilic. These hydrophilic DHLA-PEG QDs were 
further linked to DA labelled peptides (Figure 5f). At low pH, hydroquinone acts as a poor electron 
acceptor resulting in low QD PL quenching.  
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Figure 5. (a) Nanohybrid preparation and the mechanism of AA detection. (b) PL spectra of the 
KMnO4 (7.0 μM) oxidized CdSe@SiO2@CdTe NPs (50 μg mL−1) at different concentrations of AA. 
(c) PL intensity ratio (I616/I522) of the KMnO4 oxidized nanohybrid  vs. AA concentration.40 (d) 
Sensor design and selective Dopamine (DA) detection through phosphorescence quenching. (e) 
Phosphorescence emission spectra and Stern-Volmer plots of l-cys capped ZnS:Mn QDs at 
different concentrations of DA.41 (f) Schematic showing mechanism of pH sensing with QD/DA 
bioconjugates. (g) DIC and fluorescence micrographs of COS-1 cells co-injected with 550 nm-
emitting QD–DA conjugates and FLX nanospheres. (h) QD and FLX PL intensities collected from 
the images shown in (g) vs. time.89 (i) Scheme of a glucose sensitive AgInS2/ZnS QD linked to 
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oxygen-sensitive perylene dye derivative. (j) Emission spectra of sensor with increasing glucose 
concentration. (k) Ratiometric response of the sensor to hypoxia in HeLa cells. 94 
As pH increases, ambient O2 in the buffer oxidizes DA, causing an increase in quinone 
concentration that acts as a favorable electron acceptor in close proximity to the QD. This 
produces higher quenching efficiencies in a magnitude directly proportional to the amount of 
quinone. The authors took advantage of the fact that DA increases the quenching rate of the QDs 
as it can act as an electron acceptor and can cause FRET.90 They showed that at low pH the 
catechol groups (in hydroxyquinone form) of the DA are unable to quench the QDs, but with an 
increase in pH, the hydroxyquinone form is converted to quinone due to oxidation. The modified 
DA in quinone form was shown to quench the fluorescence in a pH dependent manner. The 
authors also discussed intracellular pH sensing capability of the QD system, where they used a 
fluorophorex 20 nm nanosphere (FLX) as reference fluorophore, with fluorescence emission at 
680 nm. Both types of particles were inserted in COS-1 cells using microinjection followed by 
incubating the cells in nystatin containing solution of PBS at pH 11.5. Nystatin was used to form 
micropores that allowed the exchange of H+/OH with the extracellular environment. The cells 
were then imaged using fluorescence microscopy at different time points to observe the change 
in fluorescence emission (Figure 5g). As expected, the fluorescence from the DA-QDs decreased 
over time due to an increase in intracellular pH, while emission due to FLX remained unchanged 
(Figure 5h). The possibility of reversibility of the sensor was not investigated, which is a very 
important aspect. Also, in most biological events a decrease in pH is more common rather than 
an increase. 
In the past oxygen-sensitive QDs were explored to measure dissolved oxygen concentration 
in vitro91,92 and in vivo.93 Most of the reported semiconducting QDs based systems don’t show 
intrinsic sensitivity towards oxygen and an additional oxygen sensitive fluorophore has to be 
used, which should have a long fluorescence lifetime. Shamirian et al. reported detection of 
hypoxia using AgInS2 /ZnS QD linked to perylene dye94 (Figure 5i,j). The sensors were 
microinjected into HeLa cells allowing sensing of hypoxia intracellularly by means of fluorescence 
microscopy (Figure 5k). This sensing platform allowed ratiometric sensing where the AgInS2 /ZnS 
QD acted as a reference that can be excited at 365 nm to get emission at 775 nm. The O2 sensitive 
fluorescence came from an oxygen-sensitive perylene dye derivative which showed excitation 
and emission at 427 nm and 472 nm, respectively. The use of less cytotoxic AgInS2 /ZnS QDs is 
the main advantage of this system as conventional CdSe based QDs are intrinsically toxic. 
Although the authors claimed that their system is better suited for in vivo applications due to the 
use of IR emission from the QDs, the O2 sensitive emission in the visible range would still be 
vulnerable to scattering from the tissue. 
 
2.2 Metal nanoclusters 
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Studies on fluorescent metal nanoclusters (NCs) and fluorophore linked metal NPs in sensing 
applications have been explored for the past few years. Applications of fluorophore linked metal 
NPs species, like gold and silver NPs, have been reported in large numbers,95–98 where sensitivity 
was achieved by using them either as a quencher to an organic fluorophore or as a plasmon based 
sensor. Due to their larger size, they do not show fluorescence emission, but their application in 
combination with fluorescent QDs and organic fluorophores has been explored with interest for 
the past couple of years.96,99–101 Metal nanoclusters, on the other hand, are intrinsically 
fluorescent and are currently explored as a relatively new class of fluorophores compared to 
organic small molecule dyes, semiconductor QDs or fluorescent proteins molecules. They offer 
superiority over organic fluorophores as they are not vulnerable to photobleaching, which is a 
big limitation in the case of organic fluorophores which limits their range of applications.102,103 As 
another alternate, semiconductor QDs showcase tunable fluorescence with a photo-stable 
emission, however, their large physical size and intrinsic cytotoxicity is a challenging problem, 
which limits their use for in vivo applications.104 Therefore, metal NCs with strong 
photoluminescence, appreciable photostability, sub-nanometer size, low cytotoxicity, and 
tunable fluorescence offers an ideal platform for developing biological sensors.105,106 
Generally, metal NCs are synthesized by reduction of metal ions in the presence of suitable 
reducing agents, similar to the synthesis of metal NPs. However, under such conditions, metal 
NCs are prone to strongly interact with each other causing irreversible aggregation which reduces 
their surface energy, therefore, resulting in the formation of large NPs. Thus, a suitable stabilizing 
scaffold is a necessity to produce metal NCs. The nature of the scaffold is responsible not only for 
their sizes but also for their fluorescence properties. Different kinds of scaffolds which can be 
used for the synthesis of metal NCs include DNA oligonucleotides, peptides, proteins, 
dendrimers, and polymers. 
Use of metal NCs for labelling of biomolecules, such as oligonucleotides, peptides, and 
proteins has resulted in the novel application for specific biosensing and bioimaging. Such 
bioconjugations are commonly based on passive adsorption, multivalent chelation, and covalent-
bond formation. As an example, Nandi et al. reported multifunctional gold nanoclusters (AuNCs) 
using self-assembled bovine serum albumin (BSA) nanofiber as a scaffold.47 The AuNCs stabilized 
by the amyloid fibril showed appreciable enhancement in fluorescence emission and a redshift 
of 25 nm compared to its monomeric protein counterpart (BSA-AuNC). The authors 
demonstrated that these AuNCs could be utilized for cysteine sensing both in vitro and in vivo 
even in presence of homocysteine (Hcy) or glutathione (GSH), which often interfere in its 
detection as observed when using other techniques like high performance liquid 
chromatography, post column derivatization and a spectrophotometric assay using Ellman’s 
reagent.107,108 
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In another instance, Govindaraju and co-workers reported fluorescent AuNCs for DA 
sensing in cerebrospinal fluid.109 They also used BSA for stabilizing the AuNCs, where the 
fluorescence emission intensity of BSA-AuNCs was quenched upon addition of varied 
concentration of DA via electron transfer mechanism. The detection range of DA was 0 to 10 nM 
with a detection limit of 0.622 nM and 0.830 nM in phosphate buffer saline and cerebrospinal 
fluid, respectively. The sensor could be potentially used in studies on diseases like Parkinson’s 
and Alzheimer disease. This work offered the lowest limit for detection of DA compared to 
previously reported fluorescence based methods.110–112 
Using lysozyme type VI as stabilizing scaffold, Chen et al. reported GSH sensitive Au8 cluster 
(consisting of 8 gold atoms) involving reduction and interaction of Au+3 by proteins to generate 
Au8 NCs (Figure 6a,b). The fluorescence emission of the Au8 cluster was centered around 455 nm 
when excited at 380 nm.48 Presence of GSH can etch the Au8 NCs and thus quench their 
fluorescence. The cluster showed a high QY of 56% and two fluorescence lifetimes. Because GSH 
can induce the core-etching of Au8 clusters, (Lys VI)-stabilized Au8 clusters were applied to detect 
GSH in a single drop of blood with a detection limit of 20 nM (signal to noise ratio of 3). This work 
for the first time demonstrated the protein-directed synthesis of blue emitting AuNCs with high 
QY which can be used for sensing of biomolecules. The QY of Au8 clusters was significantly higher 
than previously reported protein-stabilized AuNCs49,113–115 (QY<10%), as proteins can screen the 
AuNCs against the polar solvent, leading to an increase in fluorescence.  
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Figure 6. (a) Growth mechanism for the synthesis of Au8 and Au25 clusters for GSH sensing. (b) 
Fluorescence spectra of (Lys VI)-stabilized Au8 clusters with increasing concentrations of GSH. (c) 
Relative fluorescence intensities at 455 nm of (Lys VI) solution-stabilized Au8 clusters in presence 
of different amino acids.48 (d) Schematic of sensing trypsin using BSA-AuNCs. (e) Emission spectra 
of BSA-Au NCs (5 µM) with different trypsin concentrations Inset: Fluorescence intensity 
decrease (I0 −I) vs. concentration of trypsin (Log scale). (f) Comparison of the relative fluorescence 
intensity decrease of BSA-Au NCs brought by different enzymes (10 µg mL-1).116 (g) Schematic of 
H-Ag NC probe for intracellular telomerase activity imaging. (h) Fluorescence intensity for 
different HeLa cell numbers. (i) Fluorescence intensity vs. HeLa cell numbers (Log scale). (j) 
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Confocal images of HeLa cells transfected with H-Ag NCs at different concentrations of EGCG 
(Scale bars: 25 µm).117 
Although the AuNCs were sensitive for GSH they were also found to be sensitive towards 
cysteine, thus the interference from cysteine in the biological system can perturb the applicability 
of the developed system for selective sensing of GSH (Figure 6c). 
Protease sensing by means of AuNCs was reported for the first time by Hu et al. in 2012.116 
The authors synthesized BSA stabilized AuNCs for detection of trypsin. The sensing range was 
0.01-100 µg mL-1 with a detection limit of 2 ng mL-1. The working principle of the BSA-AuNCs was 
based on the cleavage of BSA scaffold in presence of trypsin causing the deprotection of AuNCs, 
which ultimately results in a decrease of fluorescence emission due to quenching by the 
surrounding solvent (Figure 6d,e). The cross sensitivity of the platform was assessed against 
other proteolytic enzymes like lysozyme, glucose oxidase, thrombin, papain, and pepsin, but no 
obvious decrease in fluorescence was observed (Figure 6f). As a potential biomedical tool, the 
BSA-AuNCs were used to test trypsin in urine samples and found to be working as expected.118 
Notably, before this report, the applications of protein templated fluorescent AuNCs in sensing 
applications were mainly based on the fluorescence quenching effect of AuNCs due to ionic 
interactions (Hg2+, Cu2+, CN−)45,114,119,120 or through the oxidation of Au-S bond between Au and 
protein templates by hydrogen peroxide (H2O2).121 
In 2018, Huan et al. reported a very sensitive silver NC based fluorescent sensor for 
quantifying intracellular activity of telomerase.117 Telomerase sensing is important as its activity 
can be used as a diagnostic and prognostic biomarker of cancer. In addition, telomerase is also 
considered as a potential therapeutic target for treatment of cancer. To this end, the authors 
developed AgNCs containing three functional DNA scaffolds (H sequence): a poly (cytosine) and 
a T5 loop, a nine base complementary sequence that could hybridize with the telomerase 
elongation product, and the telomerase substrate primer (Figure 6g-i). The mechanism of sensing 
involved inserting the probes into the cell using a transfection agent, where the telomerase 
substrate present on the AgNCs can be extended to generate several repetitive TTAGGG 
sequences. The extended sequence in turn can hybridize with the nine base complimentary 
sequence TAACCCTAA by forming a self-hairpin structure. The presence of G rich sequence in 
vicinity of the AgNC enhanced its fluorescence emission, which was used as an indicator of 
intracellular telomerase activity. The variation in telomerase activity in response to different 
concentration of telomerase inhibiting drugs (EGCG) was also evaluated, where a correlation 
between increasing EGCG concentration and decrease in intracellular fluorescence due H-Ag NCs 
was observed (Figure 6j). The most interesting feature of this sensing method is its real time 
application and sensitivity, which allows its use in clinical diagnosis and testing of newly 
discovered telomerase inhibiting drugs. 
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In another report, sensing of H2O2 by means of horseradish peroxidase (HRP) functionalized 
fluorescent AuNCs was demonstrated by Wen et al.49 The fluorescence of the HRP-AuNCs was 
quenched quantitatively by addition of H2O2. The quenching effect was linear over the range of 
100 nM – 100 µM with a detection limit of 30 nM and signal to noise ratio of 3. The authors also 
explored the possible reason for H2O2 sensitivity in the HRP functionalized AuNCs. Observation 
of HRP-AuNCs by TEM showed the presence of HRP scaffold in the absence of H2O2. On the other 
hand, in presence of H2O2, the size of the AuNCs increased indicating removal of HRP scaffold 
and aggregation of AuNCs causing a reduction in fluorescence emission. However, for optimum 
working, HRP-AuNCs required alkaline pH and a temperature of 25°C. Thus, biological 
applications involving relatively low pH values and high temperature may limit its functioning. 
An example of silver NCs based sensors include the work by Lan et al. where the authors 
prepared a fluorescent functional oligonucleotide stabilized silver NC and employed it as a probe 
for detecting single nucleotide polymorphism (SNPs) in the gene coding for fumarylacetoacetate 
hydrolase (FAH).122 The functional oligonucleotide-stabilized silver NCs (FFDNA-AgNCs) were 
synthesized through NaNH4 mediated reduction of AgNO3 in the presence of fluorescent base 
motif C12 containing the DNA sequence 5’-C12-CCAGATACTCACCGG-3’, which can recognize the 
FAH gene. The fluorescence from the FFDNA-Ag NC probe was observed to be sensitive towards 
the presence of perfect match DNA (DNApmt) in the solution, which causes an increase in 
fluorescence emission intensity. Under optimal conditions (150 mM NaCl, 20 mM phosphate 
solution, pH 7.0), the fluorescence ratios of the FFDNA-Ag NC probes in the presence and absence 
of DNApmt, plotted against the concentration of DNApmt, was linear over the range 25–1000 nM 
(R2 = 0.98), with a detection limit of 14 nM (Signal-to-noise ratio of 3). This method of employing 
metal nanoclusters for DNA detection is unique as it is very challenging to replace a concentrated 
templated DNA around the cluster by a functional DNA or other recognition molecules. Here the 
authors circumvented this problem by using an additional segment of DNA linked to the target 
complimentary sequence. This additional segment (C12 ) was used as a scaffold for stabilizing the 
AgNCs, as it was observed in previous reports that Ag+ ions are known to interact selectively with 
the DNA heterocyclic bases of cytosine (C12 motif), which induces nonplanar and tilted 
orientations of DNA.123–125 
 
2.3 Silicon based nanosensors 
In general, silicon based NPs such as silica NPs (SiNPs) are intrinsically nonfluorescent due to the 
indirect band gap14, whereas few groups have reported intrinsically fluorescent silicon NPs.126–128 
In most of the reports the fluorescence is imparted either by linking a fluorescent dye to the 
particle surface129 or by embedding it inside the particle. SiNPs are commonly synthesized by a 
method devised by Stöber et al. in 1968, where tetraethyl orthosilicate (TEOS) is first hydrolyzed 
followed by polymerization in presence of ammonia in an alcoholic solution, which acts as a 
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catalyst.130 A wide variety of fluorophores can be incorporated into the SiNPs using this method. 
Alternatively, the method of reverse emulsification can be used to produce SiNPs smaller than 
100 nm.131–133 In this method, a mixture of oil-water and the surfactant is used to create 
nanometer sized stable water droplets that can act as nanoreactors for silica particle nucleation 
and growth. 
In the year 2017, Kim and colleagues reported H2O2 sensing using SiNPs. The dye peroxy 
lucifer 1 (PL1), was immobilized onto SiNPs (PL1-SiO2) for the detection of intracellular H2O2.53 
The mechanism of sensing is based on the modulation of internal charge transfer properties of 
the probe with a change in concentration of H2O2. It triggers chemo selective cleavage of the 
boronate-based carbamate protecting group, resulting in internal charge transfer (ICT)-induced 
redshifts in emission maxima. In ratiometric analysis (F540/F470), a linear correlation between 
the H2O2 concentration and carbamate-derived emission intensities was observed using PL1-SiO2. 
One of the limitations of the developed system could be its irreversible sensing where it can only 
sense an increase in H2O2 concentration as the change in fluorescence involves bond breaking. 
Yu et al. demonstrated a mesoporous SiNPs (MSNs) based sensor for selective detection of 
Hcy from biothiols and other common amino acids.52 In this work, the anthracene nitroolefin 
compound was placed inside the MSNs and used as a probe for thiols (Figure 7a-c).  
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Figure 7. (a) Schematic of the MSN-based sensor (probe–MSN–PEG) and its selective detection 
of Hcy. (b) Fluorescence spectra of the probe–MSN–PEG (0:5 mg mL-1) at different concentrations 
of Hcy. (c) Increment of fluorescence intensity (at 418 nm) of the probe–MSN–PEG (0.5 mg mL-1) 
as a function of Hcy concentration. 52 (d) One-step synthetic strategy of the silicon NPs for heparin 
detection, (e) Fluorescence spectra of the silicon NPs at various concentrations of heparin. (f) 
Fluorescence quenching efficiency (F0 - F)/F0 vs. concentration of heparin.134 (g) Schematic for 
cellular internalization of DMSiNPs. Inset: Charge-transfer mechanism of DMSiNPs in acidic or 
basic conditions. (h) Fluorescence intensity ratio (R = I465/I575) vs. pH values for DMSiNPs (0.48 mg 
mL-1) at different molar feed ratios of RBITC/DA (1:4 to 1:71). (i) PL spectra of DMSiNPs (0.48 mg 
mL-1) at different molar feed ratios of RBITC/DA (1:24); λexc= 405 nm. Inset: PL spectra under same 
Published in Frontiers of Nanoscience (Volume 16, 2020, Pages 117-149). Doi: 10.1016/B978-0-
08-102828-5.00006-1.  
 
 
conditions with λexc = 543 nm. (j) Confocal images of intracellular DMSiNPs in live HeLa and MCF-
7 cells co-stained with lysotracker. (Scale bars-HeLa cells:7.5 μm; MCF-7 cells: 10 μm). (k) 
DMSiNPs-based Intracellular pH calibration (Scale bars: 25 μm). (l) Fluorescence intensity ratio (R 
= I465/I575) of SiNPs  vs. lysosomal pH values. 54 
 
In addition, hydrophilic polyethylene glycol (PEG 5000) molecules were covalently bound to the 
MSN surface and used as a selective barrier for Hcy detection via different interactions between 
biothiols and the PEG polymer chains. Due to the existence of PEG chains on the particle surface, 
the amount of Hcy that diffuses into the mesopores is much more than that of other thiols. The 
authors showed that this sensor could discriminate Hcy from the two structurally similar low-
molecular-mass biothiols (glutathione and cysteine) and other 19 common amino acids. 
In another work, Ma et al. reported sensing of heparin using water-soluble silicon NPs that 
were synthesized by a one-step method using 3-aminopropyl triethoxysilane (APTES) as a silicon 
source and L-ascorbic acid (AA) as the reducing reagent.134 APTES is reduced by AA to generate 
amino functionalized fluorescent silicon NPs. The fluorescence of the silicon NPs was sensitive to 
the presence of heparin, as it caused aggregation due to hydrogen bonding leading to quenching 
(Figure 7d-f). The linear range of heparin sensing was 0.02 to 2.0 μg mL-1, with a detection limit 
of 18 ng mL-1 (equal to 0.004 U mL-1). In comparison to various other previously reported 
nanoparticle based probes,135–137 it has a significantly lower limit of detection, making it more 
promising for clinical use. 
Chu et al., synthesized dual modified pH sensitive silicon NPs (DMSiNPs) by using pH-
sensitive DA and pH-insensitive rhodamine B isothiocyanate (RBITC).54 The synthesized NPs were 
then utilized for assessing the lysosomal pH change mediated by nigericin in HeLa and MCF 7 cell 
lines (Figure 7g-l). Notably, DMSiNPs showed a very high resistance towards photo quenching 
compared to the lysotracker (DND 26). Using the sensor, the authors were able to observe two 
consecutive steps of cellular growth, i.e., alkalization lag phase and logarithmic growth phase, by 
recording the pH change. These sensors have a potential of providing important information 
about the dynamic process of pH fluctuations. The excellent photostability and low cytotoxicity 
makes this class of pH nanosensors a very suitable option for investigating intracellular behavior. 
 
3. ORGANIC NANOSENSORS 
3.1 Carbon-based nanosensors 
For the past few decades, carbon based nanosensors have emerged as a competitive substitute 
for semiconducting QDs. Very small size (less than 10 nm) and fluorescence are innate properties 
of CDs.138 Their structure mainly consists of carbons with sp2/sp3 hybridization, in addition to 
oxygen/nitrogen-based groups or polymeric aggregations. Their simple composition makes them 
less toxic and provides special photophysical properties which are tailorable. They can be broadly 
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classified into three categories: graphene QDS (GQDs),139 carbon QDs (CQDs),140,141 carbon dots 
(CDs).138 The origin of fluorescence in carbon based nanosensors can differ due to variation in 
precursors and reaction conditions while semiconducting QDs, rely totally on quantum 
confinement. Different groups have associated this property of CDs to different phenomena like 
quantum confinement,23 PL centers,25 and presence of fluorescent organic molecules on the 
surface on the surface of CDs.142 
GQDs contain graphene (one or more layers) with chemical groups like hydroxyl, carboxyl, 
primary amines etc. attached to their edges.139 Their lateral dimensions are larger than their 
height making them anisotropic. On the contrary, CQDs are always spherical. Various reports 
mention carbon NPs without a crystal lattice while others have reported CQDs with an apparent 
crystal lattice structure. Because of this variation in properties, the PL center can vary within CDs 
of different kinds, offering diverse approaches to fabricate them. The common approaches for 
the synthesis of CDs are classified into “top-down” and “bottom-up”.143 The top-down synthesis 
involves chemical or physical cutting processes of macroscopic carbon structures, such as carbon 
nanotubes (CNTs), graphene, suspended carbon powders, etc. Techniques such as 
electrochemistry, chemical oxidation, and laser irradiation are the commonly reported methods 
for cutting the large carbon structures. In the “bottom-up” approach, synthesis of CDs from 
smaller organic molecules or polymers, and modification of surface functionality or passivation 
of CDs, is achieved using organic precursors under certain conditions. In this case, microwave,144 
heat,145 and ultrasonic wave146 are among the primary methods used for molecular structure 
transition leading to the formation of CDs. Numerous publications have reported the application 
of carbon nanosensors for sensing147–149 with number of publications still increasing. Most of 
developed systems focused on sensing of pH,55,60,150 metal ions,151 glucose,58 and various 
enzymes.57,152 In addition, there are plenty of other reports on the detection of pesticides153–156 
and important analytes of interest such as common heavy metal pollutants.157–159 
As an example of glucose sensing using CDs, Shen et al. reported a one-step fabrication of 
boronic acid functionalized CDs. A one-step hydrothermal reaction was used with phenylboronic 
acid as the sole precursor of the reaction. In presence of glucose, the CDs assembled together 
causing a decrease in fluorescence emission by quenching. The added glucose molecules 
selectively lead to the assembly of CDs due to covalent binding between the cis-diols of glucose 
and boronic acid on the CD surface. It was possible to quantify glucose in the range of 9−900 
μM.160,161 The authors also performed real sample assays which required minute quantities (20 
μL) of serum samples. This CD based glucose sensor was found to be almost 10−250 times more 
sensitive than other previously reported boronic acid based fluorescent nanosensing systems. 
Thus, it is one of the most sensitive boronic acid-based glucose sensors that can even 
differentiate between both analogs of glucose in addition to other interfering substances in the 
blood. 
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In 2016, Li et al. reported the synthesis of nitrogen-doped carbon dots (N-CDs) for sensing 
of alkaline phosphatase (ALP),57 which is an important biomarker associated with various 
diseases like liver dysfunction, diabetes, breast and prostate cancer. They used ethanediamine 
and catechol as precursors for one-pot synthesis of N-CDs. The mechanism of sensing ALP 
involved the use of p-nitrophenylphosphate (PNPP) as a substrate for the ALP, which generated 
p-nitrophenol that ultimately decreased the excitation of CDs due to inner filter effect (IFE). 
Because of the competitive absorption, the excitation of CDs was significantly weakened, 
resulting in the quenching of CDs (Figure 8a-c). This IFE-based sensing strategy showed a good 
linear relationship from 0.01 to 25 U L-1 (R2 = 0.996) and provided an exciting detection limit of 
0.001 U L-1 (Signal-to-Noise ratio: 3). Further studies were conducted to analyze the enzyme 
concentration in serum samples, where as little as 10 μL of serum sample was required for the 
test. Compared to previous reports on CDs, this work stands out as it showed a high QY of 49% 
and a higher sensitivity of 0.001 U L-1, which is 1-2 orders of magnitude more sensitive. The lack 
of any covalent modification of the carbon dot is another advantage of this system, which 
enhances its reproducibility. 
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Figure 8. (a) One-pot synthesis of N-CDs using ethanediamine and catechol. (b) Fluorescence 
spectra of N-CDs at various concentrations of ALP with 1 mM PNPP and 0.1 μM MgSO4 (c) F0 − F1 
vs. ALP concentration. Inset: Corresponding linear relationship from 0.01 to 25U L-1.57 (d) 
Schematic for the detection of TYR activity. (e) Fluorescence spectra of Dopa-CQDs as a function 
of TYR levels. (f) Confocal images of B16 cells under different conditions: (A1−A3) intact cells; 
(B1−B3) treated cells with 100 μg mL−1 Dopa-CQD conjugate; (C1−C3) pre-treated cells with 200 
μM Arbutin and then incubated with 100 μg mL−1 Dopa-CQD conjugate. Scale bar: 20 μm.162 (g) 
Emission spectra of pH sensitive CDs at exc 365 nm and 500 nm. (h) Cyclic variation in 
fluorescence emission intensity ratio (I550/I450) of CDs in PBS at pH values 3.0 and 10.0 (i) 
Fluorescence microscopy images of HeLa cells fixed at different pH values. (j) Plot of fluorescence 
intensity ratio (Igreen/Iblue) vs. pH (k) Fluorescence microscopy images of HeLa cells with and 
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without dexamethasone (DEX) treatment. (l) Fluorescence ratio change corresponding to 
intracellular pH changes in DEX treated and untreated cells (Scale bars: 50 mm).60 
 
The CDs have also been explored in various other cell-based sensing studies.163,164 Chai et 
al., reported DA functionalized CQDs (Dopa-CQDs) for assessing tyrosinase (TYR) activity and 
screening of its inhibitors based on photoinduced electron transfer (PET) between CQDs and 
dopaquinone moiety.162 The DA functionalized on the surface of the CQDs were prone to 
oxidation to generate dopaquinone, where TYR acts as a specific catalyst (Figure 8d-f). The 
dopaquinone, in turn, causes quenching of CQD by PET. This process was utilized to correlate TYR 
activity with its fluorescence quenching efficiency, where a more active TYR will cause more 
fluorescence quenching in the Dopa-CQD complex. The assay covered a broad linear range from 
7.0 U/L to 800 U/L. Studies on TYR inhibitors was also performed, where arbutin, a typical 
inhibitor of TYR, was chosen as an example to assess its function of inhibitor screening. In 
presence of arbutin, the fluorescence quenching was reduced. The biocompatibility and 
sensitivity of the Dopa-CQD system were also demonstrated by measuring intracellular 
tyrosinase level in melanoma cells. A major limitation of Dopa-CQDs reported by other groups as 
well, is the quenching of its fluorescence at pH values more than 9.0. In addition, the emission 
changes very abruptly at acidic pH values which can interfere with its specific use in TYR sensing.  
In another instance, pH sensing using CDs has been recently reported by Chandra et al., 
where they have synthesized a ratiometric fluorescent CD from Agaricus bisporus using a 
hydrothermal reaction.60 The CDs were differentially sensitive towards change in pH, where 
excitation using 365 nm resulted in pH insensitive emission at 450 nm, while excitation at 500 
nm gave rise to emission at 550 nm which was sensitive towards pH change. The ratio of these 
two emissions was used to estimate the intracellular pH in HeLa cells. The sensitivity range of the 
CDs was pH 4-10. The authors showed the effectiveness of the developed CDs in estimating 
acidification of intracellular pH in HeLa cells treated with dexamethasone, which is known to 
cause intracellular acidification. A more acidic pH is observed in cells treated with DEX compared 
to untreated control cells (Figure 8g-l). These CDs offered one step synthesis and minimal 
processing. Compared to other ratiometric pH probes, these CDs were able to sense pH 
ratiometrically without using any reference fluorophore, which reduced the additional 
modification steps, showing robustness of the CDs fluorescence emission for a strong repeated 
cyclic pH fluctuation.  
 
3.2 Polymeric NPs 
Polymeric NPs represent another group of nanosensors, which have been used very often for 
optical diagnostics, such as biomarker analysis, cancer diagnosis, diagnostic imaging, and 
immunoassays. The dye which is used for sensing is generally prone to limitations like 
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photobleaching and low emission intensity. However, in polymeric NPs the dye is embedded 
within the polymeric matrix thereby increasing its photostability due to “protective” effect of the 
polymer.165,166 A fine strategy of covalently coupling the dye to the polymer is often required to 
avoid dye leakage, which is a possibility with entrapped dyes. Another advantage of polymeric 
NPs-based systems is their ability to encompass hundreds of dye molecules which increases the 
brightness of emission and hence the sensitivity.21 In some cases, the hydrophobic 
microenvironment created within polymeric NPs can even improve the brightness of certain 
fluorescent dye molecules.167,168 Polymeric NPs also offer the possibility to include a reactive 
functional group along the polymer backbone allowing labelling with another molecule for a 
more specific function. 
The synthesis of polymeric nanosensors can be achieved either by polymerization of 
monomers or by processing of preformed polymers.169 In the latter case, the most commonly 
employed techniques are solvent evaporation,170 salting-out,171 nanoprecipitation,172 dialysis173 
and supercritical fluid technology.174 Formation of polymeric NPs from the monomers has been 
achieved by a variety of methods, such as dispersion,175 precipitation,176 and interfacial 
polymerizations,177 etc. For diagnostic applications, the most frequently used techniques are 
emulsion and living free radical polymerization.178 
A noteworthy report on polymeric nanosensors includes work of Wang and co-workers, 
where they showed organic fluorescent nanocomposite for DNA detection.179 The sensor 
consisted of π-conjugated fluorescent oligomers 4,7-(9,9_-bis(6-adenine hexyl)- fluorenyl)-2,1,3-
benzothiadiazole (OFBT-A), which was reprecipitated with 5’-Texas Red-CGGAG-3’ (TR-P5) 
(Figure 9a-c). FRET between the OFBT-A and TR-P5 was observed to be differentially sensitive 
against DNA of different lengths. By using these sensors, the authors were able to monitor the 
DNA elongation and the cleavage processes, which are essential steps in DNA replication and 
repair. One of the advantages of this system is its sensitivity only for length of DNA and not on 
sequence, therefore it avoids sequence dependent interference. 
Although detection of DNA length can be used in certain applications, sequence specific 
detection of DNA is another important aspect which is very essential in diagnostic assessments 
for genetic mutations for various metabolic disorders. To this end, various reports in the past 
have mentioned about fluorescent probes that can sense extremely low concentrations (about 
few pM) of nucleic acids (NAs) with specific sequence. But they have to rely on molecular 
multiplication using enzymes.180–182 In an effort to achieve one step amplification without using 
an enzyme, Wang et al. reported cationic conjugated polymers that can sense sequence-specific 
hybridization with improved detection limits down to the 10 pM range.183 However, it suffered 
from non-specific interaction with other NA duplexes and proteins, and strong dependence on 
the ionic strength. As a better one-step non enzymatic amplification platform for DNA sensing, 
Melnychuk et al. reported a FRET-based polymeric NPs.63 The sensor consisted of dye-loaded 
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poly(methylmethacrylate-co-methacrylic acid) (PMMA-MA) NPs of 40 nm size with conjugated 
oligonucleotides, where together they acted as nanoantenna (Figure 9d-f). The nanoantenna 
served as a super efficient energy donor in a FRET-based NA detection, where only a few DNA 
hybridization events at the surface of the NP were able to switch on/off energy transfer from 
thousands of dye molecules inside the NP. The nanoprobe operated in solution and on surfaces 
with NA detection limits of 5 and 0.25 pM, respectively, which is 1000−10000-fold lower than 
that achieved using molecular probes. The universality of this FRET-based detection concept 
based on functionalizable organic nanoantennas opened a possibility for the development of a 
broad range of ultrabright probes with amplified detection capabilities. 
In another report, Wang et al. showed a turn-on fluorescent probe for sensing cysteine,62 
which is a biothiol and plays crucial roles in maintaining the redox homeostasis and active 
endogenous antioxidants. They synthesized fluorescent organic NPs (FONs) using NIR emissive 
luminogen (A1), where A1 consisted of tetraphenylethene, diketopyrrolopyrrole, and nitroolefin 
moieties. The A1 molecule was encapsulated in pluronic F-127 polymer using nanoprecipitation 
method and after hydrophobic interaction with surfactant pluronic F127, A1 dispersed well in 
water and aggregated into cores to form A1-F127 FONs. In the normal state, the fluorescence of 
A1 is quenched by nitroolefin moieties. In presence of biothiols, the nitroolefin molecules react 
with them causing fluorescence recovery of the A1 unit. The diffusion barrier of hydrophilic 
polyethylene oxide chains on the surface of the particle selectively allowed sensing of cysteine 
residues compared to other biothiols.  
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Figure 9. (a) Schematic of OFBT-A/TR-P5 nanocomposites for DNA detection. (b) Emission spectra 
of OFBT-A/TR-P5 nanocomposites with different DNA (exc: 315 nm). (c) FRET ratio I610/I520 as a 
function of action time, in the presence of different DNA.179 (d) Schematic of DNA sensing using 
dye-loaded NPs bearing noncoding (gray) and capture (dark red) oligonucleotides. (e) 
Fluorescence spectra of NP-probe (100 pM) with and without survivin NA target (1 nM). (f) The 
response of nanoprobe (10 pM) to different concentrations of target nucleotide.63 (g) 
Conformation of O2-sensitive conjugated polymers in an organic solvent and in NP form after 
precipitation with water. (h) Ratiometric intensity imaging of NPs in MEF cells exposed to 
different O2 percentage. Combined polyfluorene (390-430 nm, green) and Pt (II)-porphyrin (390-
650, red) intensity. (i) Stern-Volmer plot for phosphorescence lifetime O2 calibration of NPs (SI-
0.1+/0.1-) in MEF cells. (j) 3D reconstruction of O2 distribution by PLIM for the SI-0.1+/0.1 stained 
HCT116 spheroid.184 
 
One of the crucial advantages of this nanosensor is NIR emission that can enable sensing in thick 
tissues, which are known to scatter visible light and reduce the signal output. In addition, the 
background fluorescence and damage to the tissue is also known to be less using NIR wavelength. 
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Thus, for steady observation of thiols in the in vitro and in vivo systems, it can act as an effective 
model system. 
In another instance, Chen et al. reported FRET mediated multifunctional sensors for sensing 
copper and sulfide ions.61 The NPs were produced by co-polymerization of styrene, 
vinylbenzylchloride and fluorescent vinylic crosslinking monomer fluorescein-O,O-bis-propene 
(FBP) in miniemulsion of oil-in-water stabilized with a cationic surfactant. In addition, 1,4,7,10- 
tetraazacyclododecane (Cyclen) was grafted on to the surface of NPs. Due to specific FRET energy 
transfer between FBP and the Cu2+-Cyclen complex, the NPs displayed highly sensitive (detection 
limit: 340 nM), and on-off-type fluorescence change with high selectivity toward Cu2+. The 
fluorescence was recoverable by addition of sulfide ions, thus a fully quenched system of cyclen-
capped FPNs–Cu2+ complex was used for sulfide ion sensing with a detection limit of 2.1 µM. This 
NP based dual ion sensor can be reversibly switched for multi times by alternative addition of 
adequate Cu2+ or S2−. Its relatively wide pH range (pH 4.0-10.0) stability, and excellent long-term 
photostability for Cu2+ detection (≥40 days) in aqueous media, are some of its interesting 
features. Thus, this approach of sensing Cu2+ may reveal a new pathway for selective detection 
of multiplex analyst in environmental and biological applications. 
A recent example of pH-sensitive polymeric NPs includes work reported by Zhao et al. 64 
The synthesized poly(3,4-dihydroxyphenylalanine) fluorescent organic NPs (poly (DOPA)-FONPs) 
showed two emission peaks under single excitation, where both the emissions were sensitive 
towards pH change. Therefore, the sensor was ratiometrically sensitive towards pH change in the 
range 4.0-8.0. Due to its low cytotoxicity, the poly (DOPA)-FONPs were also utilized for cell 
imaging. The special feature of these NPs is their intrinsic fluorescence without the use of any 
additional dyes, that often requires complex linking reactions. Additionally, excellent 
biocompatibility of these NPs makes them suitable for long term studies. 
An example of real time in vitro and in vivo sensing using polymeric NPs involves work 
reported by Dimitriev et al., where they reported conjugated polymer NPs for high-resolution O2 
imaging in cells and 3D tissue models.184 The sensor consisted of a substituted conjugated 
polymer (polyfluorene or poly(fluorene-alt-benzothiadiazole)) acting as a FRET antenna and a 
fluorescent reference with covalently bound phosphorescent metalloporphyrin (PtTFPP, 
PtTPTBPF), which are among popular O2 indicators (Figure 9g-j). They produced different types 
of conjugated polymers (denoted as SI and SII) with a variety of charged groups (+, -, or ±) to form 
cationic, anionic or zwitter-ionic structures. They found that NPs with zwitterionic charge (SI-
0.1+/0.1- ) were more efficient in staining mouse embryonic fibroblast cells (MEF cells) compared 
to positively charged NPs. Using SI-0.1+/0.1- NPs they were able to stain MEF cells exposed to 
different O2 at 37 °C and treated with an inhibitor of respiration (antimycin A, 10 μM), which 
showed a clear difference in emission intensity according to O2 concentration. It was also found 
that SI-0.1+/0.1- NPs can efficiently penetrate across multiple cell layers in 3D models of HCT116 
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and PC12 cells. The flexibility of the platform to tune the charge and spectral properties presents 
a unique and promising alternate for dissolved oxygen sensing for tissue-based studies in vitro 
and in vivo. In addition, the low cytotoxicity of these nanoprobes offers long term sensing 
capabilities with least interference to the system being studied. 
 
4. CONCLUSIONS 
NPs-based fluorescent sensors have been the subject of intense studies due to their interesting 
properties. They have evolved swiftly from just being a brighter alternative to organic 
fluorophores towards smart sensing probes for the development of better sensing and molecular 
diagnostic strategies. Over the past few decades, NPs-based fluorescent sensors have been 
utilized as a valuable tool to monitor sensitive biological reactions and sensing biomolecules in 
ultra-low concentrations, which was unachievable using traditional organic fluorophores. Despite 
their proven usefulness, it is important to mention that organic fluorophores can never be 
undermined. NPs have their own limitations such as relatively larger size and cytotoxicity, which 
restricts their applications. Therefore, both organic fluorophores and NPs-based sensors should 
be looked upon as complementary tools in biosensing. In future, more improvement is required 
in the controlled synthesis of NPs in relation to their consistency, size distribution, large-scale 
purification and long-term stability. At the same time, in order to promote their clinical 
translation and application, more preclinical and clinical trials are needed to assess the long-term 
effects of NPs-based sensors in preclinical models and in humans, as they can interact at a variety 
of levels (e.g., with proteins, oligonucleotides, organelles, cells, and organs). For in vivo 
applications, extensive research should also be directed towards the development of ease of use 
and portable imaging equipment with higher tissue penetration, and the creation of 
computational/modeling tools for automated data analyses of fluorescent images to facilitate 
more accurate and reliable quantitation of the occurring biological processes in the analyzed 
systems. 
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